Abstract. Chiral sculptured thin films (STFs) have unidirectionally periodic electromagnetic constitutive properties and therefore exhibit the circular Bragg phenomenon. The time-domain Maxwell equations are solved using finite difference calculus in order to establish the spatiotemporal anatomy of the action of axially excited, chiral STF slabs on optical narrow-extent pulses (NEPs) modulating circularly polarized carrier waves. A Lorentzian model was adopted for the permittivity dyadics of the chiral STFs. The time-domain manifestation of the circular Bragg phenomenon is focussed on. First, on examining the refraction of NEPs by a chiral STF half-space, a light pipe and the pulse bleeding phenomenon are shown to occur -when the handednesses of the carrier wave and the chiral STF coincide and the carrier wavelength is in the vicinity of the center-wavelength of the Bragg regime. Next, pulse bleeding inside a chiral STF slab is shown to be responsible for the long wakes of reflected pulses and low energy contents of transmitted pulses, when the incident wave spectrums significantly overlap with the Bragg regime and the carrier waves have the same handedness as the chiral STF slab. Thus, a chiral STF slab can drastically affect the shapes, amplitudes, and spectral components of femtosecond pulses.
Introduction
Chiral liquid crystals [1] are now widely used in optics [2] . The fabrication of their solid analogs became possible during the past few years with the development of the sculptured thin-film (STF) technology [3] . Initial research on the planewave response of chiral STFs [4, 5] suggested many specialized applications of them [6] , some of which would take advantage of their porous nature -such as gas and humidity sensors [7, 8] . Other applications could make use of their solid nature, for instance, in solid optics and optoelectronics. The first optical applications are now emerging [9] [10] [11] as a result of improved fabrication technology [12, 13] ; and experimental research on their optical characterization is also advancing [13] [14] [15] .
All of the optical applications cited exploit the circular Bragg phenomenon that all helicoidal bianisotropic mediums (HBMs) -exemplified by chiral STFs as well as chiral liquid crystals -must display in consequence of their periodically and unidirectionally nonhomogeneous constitution [18] . Let the direction of nonhomogeneity of a chiral STF be parallel to the z axis, while the film completely occupies the region z ≤ z ≤ z r . When circularly a e-mail: JBG136@psu.edu b e-mail: AXL4@psu.edu polarized, monochromatic light falls normally on this film of sufficient thickness, then it is
• almost perfectly reflected if the handedness of incident light coincides with the structural handedness of the film, but • almost perfectly transmitted if otherwise, provided absorption within the film is negligible and the free-space wavelength λ 0 of the incident light lies within the Bragg regime. This regime is sufficiently identified by a center-wavelength λ Br 0 and its bandwidth is quite narrow [5, 13, 16] . When absorption cannot be ignored, the foregoing bulleted statements on polarization-sensitive reflection and transmission have to be modified to take absorption into account [17] , but the relationship between the handedness of incident light and the structural handedness of the chiral STF remains delicate.
Planewave response characteristics are not sufficient to understand the optics of chiral STFs. This has become clear from analytical examinations of modal energy flows in these materials [19] . The shortcoming must be overcome because femtosecond optical pulses are routinely generated these days [20] , and widespread industrial exploitation of such narrow-extent pulses (NEPs) is imminent. The bandwidth of a carrier wave that is amplitudemodulated by a NEP is very wide, and is likely to completely encompass the Bragg wavelength-regime of a chiral STF encountered by it. That possibility will have repercussions on the design of STF-based optical devices. But the time-domain manifestation of the circular Bragg phenomenon is yet not known.
This paper aims to remedy that situation. In broad terms, we had two aims to undertake the work reported here:
A. to establish the nature and the site of the interaction between the handedness of incident light and the structural handedness of an axially excited chiral STF, and B. to examine the reflection and the transmission of NEPs by an axially excited chiral STF.
As conventional frequency-domain research [4, 5, 13] relies on solving the Maxwell equations for monochromatic fields, which does not allow for the separation of the effects due to the two interfaces of any slab with free space (i.e., vacuum), a time-domain investigation is necessary. Such an investigation must take several features of chiral STFs into account: (i) unidirectional nonhomogeneity, (ii) anisotropy, (iii) temporal dispersion, and (iv) absorption. Explicit consideration of the last two features is mandated by the wide bandwidths of carrier waves that are amplitude-modulated by NEPs. In Section 2, we present the constitutive relations of a chiral STF as well as the relevant electromagnetic derivations, and establish a finite-difference algorithm. Numerical results and conclusions are presented in Section 3. Vectors are underlined once and dyadics twice; t denotes time; while r = xu x + yu y + zu z is the position vector in a Cartesian coordinate system with u x , u y and u z as the unit vectors.
Theoretical analysis
As mentioned earlier, the slab region z ≤ z ≤ z r , (z > 0), is occupied by a chiral STF, while the half-spaces z ≤ z and z ≥ z r are vacuous. A carrier wave modulated by a pulse is launched from the plane z = 0 at time t = 0 in the +z direction. It excites the chiral STF, and eventually metamorphoses into a reflected pulse and a transmitted pulse.
Constitutive relations
The time-domain constitutive relations of a linear dielectric medium may be expressed as
Here, 0 = 8.854 × 10 −12 F/m and µ 0 = 4π × 10 −7 H/m are the permittivity and permeability of free space, respectively, while the operation * E (r, t)
denotes convolution with respect to time.
The relative permittivity dyadic everywhere is specified by
where I is the identity dyadic and δ(t) is the Dirac delta function. The rotation dyadic
captures the anisotropy as well as the rotational nonhomogeneity of a chiral STF, with 2Ω being the structural period. Equation (5) holds for a structurally right-handed (RH) STF; alter the sign of the third term on its right side for a structurally left-handed (LH) STF. Finally, the tilt dyadic
where χ > 0 • is the so-called angle of rise [6] . Single-resonance Lorentzian characteristics [21] 
In this equation,
where U(t) is the unit step function and c 0 = (
The oscillator strengths are denoted by p a,b,c ; λ
−1/2 are the resonance wavelengths; while large values of N a,b,c imply narrow absorption bands located around the resonance wavelengths.
Partial differential equations for axial propagation
Denoting partial differentiation with respect to a variable v as ∂ v , we substitute the constitutive relations (1) and (4) in the source-free Maxwell curl equations ∇ × E(r, t) = −∂ t B(r, t) and ∇ × H(r, t) = ∂ t D(r, t). For axial propagation, ∂ x ≡ ∂ y ≡ 0 and ∇ ≡ u z ∂ z . Accordingly, we obtain the following six differential equations:
Equation (14) simply means that H z (z, t) ≡ H z (z); furthermore H z (z, t) = 0 in view of the initial conditions imposed later. The remaining five equations must be handled together. That is best done using a 5×5 matrix formulation. Let the column 5-vector
contain the five remaining components of the electromagnetic field, the superscript T indicating the transpose. Then, (9)- (13) may be written compactly as
In (16), the constitutive properties are contained in the matrix A (z, t) which is identically null-valued for z / ∈ [z , z r ], while
with
The other two 5×5 matrixes appearing in (16) are as follows:
Finite difference equations for axial propagation
Analytical solution of (16) is not known and, therefore, we resort to a simple numerical technique. Both space and time are discretized as
derivatives are replaced by central differences, and the leapfrog method is used [22] . Accordingly, (16) transforms to the difference equation
wherein the shorthand notation
has been used. Let us note in passing that A 0 i is nullvalued as per (8) .
Solving (27) for [F ] n+1 i
, we obtain
Here, we have defined the real number β = c 0 ∆t/∆z. The condition β < 1 ensures the numerical stability of the algorithm [22] . Equation (29) requires initial as well as boundary conditions. Setting The European Physical Journal Applied Physics we assert the absence of the electromagnetic field anywhere at time t = 0. The boundary condition
contains a carrier wave represented by the column vector [ϕ(t)] that is amplitude-modulated by the pulse function g(t). Equation (29) can now be solved iteratively.
Numerical results and discussion
For numerical simulation, the oscillator strengths were set as p a = 0. • were also set. For these parameters, the center-wavelength of the Bragg regime is estimated as λ Br 0 = 516 nm and the full-width half-maximum (FWHM) bandwidth of the Bragg regime is estimated to be 27 nm [17] .
For all numerical results reported here, the boundary condition (32) was defined through The aforementioned algorithm was implemented, using the Fortran 90 computing language and single-precision arithmetic, on a Sun Microsystems computer. The chosen spatiotemporal domain was discretized with ∆z = 5 nm and β = 0.9, so that ∆t = 0.015 fs. Snapshots of the axial component
of the instantaneous Poynting vector are shown at t = 12.0 fs in Figure 1 for the incident pulses at each selected carrier wavelength. The pulse duration is 8 fs, and P z (z, t) is clearly independent of the handedness of the carrier plane wave. Parenthetically, as the choice (31) of initial condition implies that D z (z, t) ≡ 0 ∀ t, we tested our computer program to ensure that the latter requirement was met.
Chiral STF half-space
Let us begin by exploring the reflection and refraction 1 of the chosen NEPs at the first interface z = z . For this purpose, we simply removed z r outside the domain {i ∈ [0, 3000] , n ∈ [0, 3431]} of calculation -about the largest possible domain allowed by the capabilities of our computer for this problem -while z = 7500 nm. Thus, the launched NEP takes 25.0 fs to arrive at the vacuum/STF interface z = z .
Snapshots of P z (z, t) at t = 49.5 fs are shown in Figure 2 for LH carrier waves, and in Figure 3 for RH carrier waves. Ample time elapsed so that the incident pulse... can not be in evidence in both figures. Figure 4 gives a magnified view of P z (z, t) near the boundary of the chiral STF when the carrier wavelength is 516 nm. The data in these figures is normalized to the peak value of P z (z, t) attained by the incident pulse with λ car 0 = 516 nm. Examining the results in Figures 2 and 3 , we observe that the reflected pulse contains more energy for RH carrier waves than for LH carrier waves. This observation is further substantiated by the plots in Figure 5 of the instantaneous energy per unit transverse area
in the left (i.e., vacuous) half-space, computed for t ∈ [0, 2z /c 0 ]. The value of this integral was approximated with the simple Euler method [22] . In all cases, U (t) rises with time over the temporal width of the incident pulse and then levels off until the incident pulse reaches the interface z = z at t = 25.0 fs. Then it decreases precipitously, as much of the incident energy crosses over to the chiral STF half-space. For LH carrier waves, U (t) levels off after the drop, indicating that the reflected pulse acquires constant energy. The situation is quite different for RH carrier waves. The energy density U (t) in the vacuous half-space continues to rise for t 33 fs, indicating that the reflected pulse continues to gain energy. The only source of energy available is the refracted pulse, which implies that energy flows from the chiral STF into the vacuum.
Indeed, in Figure 3 , P z (z, t) < 0 not only for z < z but also in the part of the chiral STF closest to the interface z = z . A light pipe is formed across that interface, and the refracted pulse "bleeds" energy into the vacuous half-space. We observed the length of the light pipe to continue to increase with time over the entire domain of our simulation. The light pipe can be seen more clearly in Figure 4 when the carrier light is RH, while the light pipe is absent when the carrier is LH. The formation of the light pipe clearly means that the reflected pulse has a long wake.
Thus, when the carrier wave is RH, the refracted pulse loses energy for two reasons: (i) the chiral STF is an absorbing medium, so that the refracted pulse must attenuate as it propagates along the +z axis; and (ii) the wake of the refracted pulse continues to direct some energy towards the interface z = z . Further attenuation occurs during back-propagation, as does partial leakage into the vacuous half-space. Eventually, the reflected pulse will acquire its final shape and energy content, and the refracted pulse will die out, but our simulations did not span a long enough portion of spacetime to confirm that conclusion. Significantly, the rate of growth of U (t) for t 33 fs is the highest when the carrier wave is RH and λ The foregoing time-domain observations therefore constitute an exposition of the spatiotemporal anatomy of the circular Bragg phenomenon, which has been observed experimentally for continuous wave excitation of chiral STF slabs (of finite width) [13, 16] .
Chiral STF slab
Having established that the interaction of the handednesses of incident light and the chiral STF takes place in the vicinity of the first interface, we now proceed to scattering by a chiral STF occupying the region z ∈ [11000, 15000] nm. This computation was performed over the domain {i ∈ [0, 4400] , n ∈ [0, 4901]}, virtually the largest domain allowed by our computer.
In Figure 6 , snapshots of P z (z, t) for the transmitted and reflected pulses carried by LH plane waves at t = 72.0 fs are given. Figure 7 displays similar plots for the pulses carried by RH plane waves. Only the primary reflected/transmitted pulses were captured in our simulation, while secondary pulses (arising from multiple transits within the slab) arriving at later times were excluded by the limited domain of our simulation. As, however, the primary pulses contain most of the energy, our results suffice for discussion.
The plots in Figures 6 and 7 show that the peak power densities of transmitted pulses are lower than those of the incident pulses, with the former increasing with λ car 0 . To a great extent, this increase can be explained by the fact that absorption bands in the chosen material are located at 280 and 290 nm wavelengths which lie in the ultraviolet regime. Consequently, absorption inside the chiral STF slab is lesser when λ car 0 is farther away from the absorption bands.
The longer wakes of the reflected pulses for RH rather than for LH carrier waves, as seen in Figures 6 and 7 , are related to the light pipe described in the previous section. Pulse bleeding occurs inside the chiral STF slab, most prominently when λ . This statement is justified by the plots of U (t) shown in Figure 8 . The characteristics of these plots are similar to those for reflection by a chiral STF half-space in Figure 5 .
The handedness of the carrier plane wave has a marked effect on the energy content of the transmitted pulse, according to Figures 6 and 7 . The peak transmitted power density is higher, for all three values of λ plots of the instantaneous energy per unit transverse area
in the right half-space. The transmitted pulse emerges from the chiral STF slab at t 52 fs. We note that U r (t) is significantly less thereafter with a RH carrier as compared to that with a LH carrier wave, when λ Figures 8 and 9 , respectively, would increase slightly, after the arrival of secondary pulses. Several calculations show that the difference between the reflected/transmitted energy density for carrier waves of opposite handednesses is more pronounced for thicker chiral STF slabs. Certainly, the occurrence of pulse bleeding explains why the circular Bragg phenomenon is easier to observe in frequency-domain experiments for thicker chiral STF slabs [13, 23] . In thicker slabs, the electromagnetic field interacts with the material over a longer distance (and for a longer time), so that the light pipe transfers more energy to the reflected pulse when the conditions associated with the circular Bragg phenomenon exist.
Incidentally, both U (t) and U r (t) in
Furthermore, Figures 6 and 7 indicate that the transmitted pulse has a more prominent wake for RH than for LH carrier waves, especially at the two higher values of λ 
for the incident pulse is normalized to unity. The calculated values for the transmitted pulses occasionally exceed those for the corresponding incident pulses due to discretization and truncation errors in evaluating the spectrums, but these errors are largely inconsequential as they occur outside the half-maximum bands of the incident pulses.
relation to that of the chiral STF slab affects pulse distortion, particularly when the conditions are right for the pulse bleeding phenomenon to appear.
Further light is shed on these issues by the spatial Fourier transforms 2Ẽ x (t, λ 0 ) andẼ y (t, λ 0 ) of the sampled E x (z, t) and E y (z, t), respectively. These were computed as
Although the integral on the right side of (38) . The effects of the pulse bleeding phenomenon are most evident in Figure 11 , where a drop in transmission and increase in reflection at wavelengths near λ Br 0 can be seen. A smaller peak in the reflected spectrum at λ Br 0 can be observed for RH carrier in Figures 10 and 12 also; and this peak is accompanied by a corresponding dip in the transmitted spectrum, as expected [17, 23] .
Incidentally, the transmission spectral peaks for LH carrier waves in Figures 10-12 is to the resonance wavelengths, the farther must the transmission spectral peak be from the incidence spectral peak, in agreement with the snapshots presented in Figures 6 and 7.
Concluding remarks
Solving the Maxwell curl equations explicitly in the time domain, we have shown that a chiral STF slab can drastically affect the shapes, amplitudes, and spectral components of femtosecond pulses. The wavelength and handedness of the plane wave carrying the incident pulse and the properties of the chiral STF determine the characteristics of the transmitted and reflected pulses.
The ability of chiral STF slabs to more strongly transmit or reflect a NEP depending on its carrier wavelength and handedness can find use in laser mirrors, optical filters, multiplexers, and other in-line optical telecommunication devices. The alteration in transmitted pulse shape is important in light recent work that suggests several bits of information may be encoded in a single femtosecond pulse [25] . When chiral STFs are to be used in optical circuits, pulse shaping may be needed to offset distortion by them as well as to either avoid or exploit the handedness-sensitive filtering action of the circular Bragg phenomenon. Furthermore, as diffusion of gaseous and liquid species into the porous microstructure of chiral STFs can alter their electromagnetic properties [6, 26] , these materials are strong candidates for incorporation into optical sensing systems based on pulse propagation.
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